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Protein structureVarious structural models for amyloid b ﬁbrils have been derived from a variety of experimental
techniques. However, these models cannot differentiate between the relative position of the two
arms of the b hairpin called the stagger. Amyloid ﬁbrils of various hierarchical levels form left-
handed helices composed of b sheets. However it is unclear if positive, negative and zero staggers
all form the macroscopic left-handed helices. To address this issue we have conducted extensive
molecular dynamics simulations of amyloid b sheets of various staggers and shown that only nega-
tive staggers lead to the experimentally observed left-handed helices while positive staggers gener-
ate the incorrect right-handed helices. This result suggests that the negative staggers are
physiologically relevant structure of the amyloid b ﬁbrils.
 2013 Federation of European Biochemical Societies. Published by Elsevier B.V.1. Introduction higher order aggregates and extends inﬁnitely to form an ﬁbril.Misfolding of peptide fragments into large ﬁbrillar structures
has been implicated in a variety of human diseases [1,2]. Alzhei-
mer’s related plaque formation is of particular interest due to its
prevalence, high economic cost [3] and lack of effective treatment
and/or preventive protocols. The ﬁbrillar structure in Alzheimer’s
disease is formed due to misfolding of amyloid b (Ab) peptide. Hu-
man Ab42 peptides with the sequence, D1AEFRHDSGY10-
EVHHQKL17VFF20 AEDVGSNKGA30 IIGLMVGGVV40IA42, are formed
by the endoprotelytic cleavage of b-Amyloid-Precursor-Protein
(APP) [4] by two proteases, b and c secretase. Depending on the
point of cleavage, peptides of length 40/42 are formed; usually in
a ratio of 10:1 [5,6]). These peptides have ordered regions (9–26
and 31–42) [7–9] punctuated by a loop region (27–30) which
makes the two ordered domains fall over one another forming a
hairpin structure. Residues 1–8 were found to be disordered and
not necessary for ﬁbril formation [10]. Although the exact demar-
cation of the ordered and loop regions differs from one study to
another, most agree that there is a hairpin structure which formsIn amyloid ﬁbrils, the b sheets run perpendicular to the ﬁber axis
and the inter-chain hydrogen bonds are roughly parallel to the
ﬁber axis [11–14].
The inherent difﬁculty in obtaining crystals of full-length amy-
loid peptides has led a generation of researchers to employ a range
of tools to characterize the structures. Solid-state NMR [15–26],
Fourier Transform Infrared spectroscopy (FTIR) [27–29], circular
dichroism (CD) [30], X-ray ﬁber diffraction [31–33], electron
microscopy (EM) [12], hydrogen/deuterium exchange [21,34–41],
proline-scanning mutagenesis [42,43], electron paramagnetic reso-
nance (EPR) [44–46], and Raman spectroscopy [32,47] have been
used to study both full length and fragments of the peptide.
Although the studies generally agree with the cross-b sheet
arrangement of the ﬁbrils, there are disagreements in the exact
organization of the b hairpin. For example, F19/L34 stacking was
proposed by a Petkova et al. [7] while D22/L34 stacking was pro-
posed by Lührs et al. [8]. At the next level of organization, models
with a cross-section of two or three hairpins have been proposed.
Within dimers, N-terminal/N-terminal, C-terminal/C-terminal (CC)
and C-terminal/N-terminal stacking seem possible, although sup-
port for the CC stacking represented by C2z structure is mounting
[7,48]. Fig. 3 in Ref. [49] contains a comprehensive list of possible
dimers. Nanopores formed by Ab hairpin trimers have also been
proposed [50–52].
In addition to many full-length amyloid peptides there is also a
great body of work, both experimental and theoretical, on various
fragments of the peptide many of which form amyloid-like b
Fig. 1. (a) Schematic representation of the beginning structure. Residue D23 is in
red, residue K28 is in blue, other even numbered residues are in white and odd
numbered residues are in magenta. (b) Stagger 1 is in magenta and residues 17
and 42 are marked. In other staggers the position of residues 17–24 and the loop
region changes with respect to residues 30–42. For the sake of clarity only residues
17–24 are show in other staggers. (c) Final structure of an Ab sheet of stagger 3.
Chains 6 and 26 are shown in blue while chains 15 and 35 are shown in red. Vector
formed by joining Ca of residues 18 and 25 of chain 6 is shown as a blue arrow
while a similar vector in chain 15 is shown as a black arrow. Average of the angles
between these two vectors and between two similar vectors on chains 26 and 35
was used to determine the magnitude and sign of the twist. This ﬁgure shows a left
handed helical turn of 5 per chain.
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ments 16–22, 16–35, 10–35 [53], 22–27, 22–29 [54], 25–35 (and
its N27Q mutant) [55], 25–35 [56], 17–42 (monomer and dimer)
[57], and 9–40 [58,59]. Experimental efforts include the following
Ab fragments: 10–35 [60], 18–28, 16–28, 14–28, 12–28, 1–28,
20–28 [61,62], 11–25 [63,64], 16–22 [15,65], 10–23 [10], 14–23
[66,67], 25–35 [68], 37–42, 35–40 [69]. For a comprehensive list
of Ab fragment studies please refer to Table 2 in Serpell [30] and
more recently Fig. 1 in Fändrich [9]. A recent study combined
atomic force microscopy with molecular dynamics simulations to
study the aggregation properties of the hydrophobic fragment
12–24 and found the b sheet structure to be highly pH dependent
[70]. Differences among experimental studies can be attributed to
the preparation protocol, solvent, pH and most importantly the
techniques used to make observations. In a similar fashion, differ-
ences in the computer simulation studies can be attributed to
preparation protocol, time scale, force ﬁeld and, as we argue in this
study, heavily to the choice of initial structures.
The presence of stagger where the C-terminal of chain i inter-
acts with the N–terminal of chain i ± 1 or i ± 2 has been noted in lit-
erature [7,8]. Although solid state NMR data was used to determine
the magnitude of the stagger (C-terminal of chain i is staggered by
a distance of ±7.2 Åfrom N-terminal of the same chain), there is no
clarity on the direction of the stagger. Due to the nature of contacts
formed, positive and negative staggers of the same magnitude are
structurally distinct [7]. Ab amyloid ﬁbrils of various hierarchical
levels are always left-handed [71]. This raises an interesting ques-
tion: Does the sign of the stagger have an effect on the twist of the
helical turn in Ab? To answer this question we conducted multiple
simulations of a dimerized 20mer arranged in the C2z [59] structure
of Ab(17–42), also known as p3 peptide [72–74], with no initial
twist but with an initial stagger of 0, ±1, ±2, and ±3.
2. Methods and analysis
Full length amyloid peptides aggregate to form a hairpin struc-
ture with two layers of b sheets. Residues 17–24 comprise the top
layer while 33–42 comprise the bottom layer. We refer to this as
the ﬁbril monomer. Although this monomer has been proposed
to dimerize in various ways [59], the C2z quaternary form is consid-
ered most stable [7,75,76]. We have therefore conﬁned this study
to C2z conformation of the dimer. As shown in Fig. 1a, in a C2z struc-
ture the C-terminals of the two monomers in a ﬁbril cross-section
interact in an anti-parallel fashion with symmetry along the z axis.
Two most cited structures of Ab deposited in PDB are 2BEG
(Ab17–42) and 2LMN(O) (Ab9–40). We used the 2BEG structure
since the double mutants K28D/D23K and F19G/G38F and quadru-
ple mutant F19A/A21F/V36G/G38F, all were shown to restore the
ability to form wild type-like ﬁbrils. This lends credence to the in-
tra chain side–chain contacts described in 2BEG [8]. While the
2LMN(O) structure has its own strengths (more constraints than
2BEG and a structure of the dimer), the intra chain contacts de-
scribed by 2BEG were deemed critical to the development of twist
in the ﬁbrils. Direct comparison of 2BEG and 2LMN(O) structures is
difﬁcult since it would require either keeping 2LMN(O) intact and
adding residues 9–16 and deleting 41–42 in 2BEG or keeping 2BEG
intact and deleting residues 9–16 and adding 41–42 in 2LMN(O).
Either approach will result in one structure where one arm of the
hairpin extends farther into the solvent than the other arm while
the other structure has hairpin arms of roughly the same length.
Central chain of model 10 of 2BEG was used as the repeat unit.
We deﬁne this chain as having a stagger of 1 since the C-terminal
of chain i overlaps with the N-terminal of chain i  1. First a 20mer
was generated by placing 20 chains along z-axis with a spacing of
4.8 Å[7,77,78] between each other. A 180 rotation around the
z-axis resulted in another 20mer which completes the 40mer.The distance between the C-terminal b sheet plane of the 20mer
on the top and that on the bottom was ensured to be 10 Å. The
Table 1
System sizes, number of runs, length of runs and initial twist of the seven staggers studied.
Stagger Total atoms Protein atoms Sodium ions Water atoms Number of runs Total simulation length (ns) Initial twist (deg)
+3 70914 14960 40 55914 10 100 0
+2 68526 14960 40 53526 10 100 0
+1 66126 14960 40 51162 10 100 0
0 63852 14960 40 48852 10 100 0
1 64641 14960 40 49641 10 100 0
2 66954 14960 40 51954 10 100 0
3 69270 14960 40 54270 10 100 0
Fig. 2. Data from 10 separate runs starting with a stagger of 0, ±1, ±2, and ±3 and an
intial twist of 0 (hairpin contacts are from 2BEG). Black dots correspond to data
from 10 ns runs while red dots correspond to data from 90 ns runs. In the 10 ns
studied, negative staggers result in left-handed helices while some positive staggers
result in the unnatural right-handed helices. Error bars were not shown since the
largest of the standard deviations from the 70 runs was only 0.4. After 90 ns, all
staggers except 2 and 3 revert back to neutral twist while stagger 2 and 3
retain signiﬁcant twist per amyloid chain.
Table 2
Possible salt bridges in each stagger.
Stagger D23 of chain i Salt bridge with . . .
3 D23i K28i2, K28i3.
2 D23i K28i1, K28i2.
1 D23i K28i, K28i1.
0 D23i K28i, K28i±1.
+1 D23i K28i, K28i+1.
+2 D23i K28i+1, K28i+2.
+3 D23i K28i+2, K28i+3.
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and bottom 20mers pack to form a hydrophobic patch. The chains
on the bottom ﬁbril are numbered from 1–20 and the chains on the
top ﬁbril are numbered from 21–40 where chain 1 sits below chain
21 and chain 20 sits below chain 40.
After constructing stagger 1 as described above the N-termi-
nal residues (17–24) were moved by 4.8 Åsuch that C-terminal of
chain i now overlaps with N-terminal of chain i  2 resulting in
stagger 2. Peptides thus made have an artiﬁcially elongated pep-
tide bond between residues 24 and 25. This peptide bond of impro-
per length was corrected by running a 20,000 step conjugate
gradient energy minimization while keeping residues 17–24 and
34–42 ﬁxed. This procedure was repeated as appropriate to obtain
the other staggers 0, +1, +2, and ±3. Additional detail can be found
in Fig. S1. Peptides with these staggers were then solvated in a
water box with a padding distance of 15 Åfrom the protein. 40 so-
dium ions were added to neutralize each system. Table 1 lists the
information for each system and Fig. 1a, b clarify the starting
structures.
The solvated and charge-neutralized boxes were then mini-
mized for 10,000 steps while keeping the backbone of the peptides
ﬁxed using a harmonic restraint of 5 kcal mol1 Å2. After minimi-
zation, the temperature of the systems was set to 100 K and the
harmonic restraints on the backbone were removed. The a carbon
of residue M35 in chain 30, was ﬁxed in all the simulations to ar-
rest translation of the 40mer during the production run. After heat-
ing the systems from 100 K to 200 K in steps of 10 K/20 ps, 10separate runs of each of the 7 staggers were conducted each with
a different seed value to reinitialize velocities at 200 K. At this
stage, all the 70 runs were heated from 200 K to 310 K again in
steps of 10 K/20 ps. Upon reaching 310 K all the systems were
equilibrated for one nanosecond (ns) after which 10 ns of data
were collected and used for analysis. Further, 2 runs in each of
the 7 staggers were randomly chosen and extended by 80 ns to a
total of 90 ns. Thus a total of 1820 ns (7  10  10 + 7  2  80)
of data were analyzed.
NAMD 2.9 [79] with CHARMM27 force ﬁeld [80](with CMAP
corrections [81]) was used for performing these calculations. All
the simulations were performed in the NPT ensemble. Langevin
thermostat with a damping coefﬁcient c of 1 ps1 was used for
temperature control. Nosè–Hoover Langevin piston [82,83] with
an oscillation period of 100 fs and damping time scale of 50 fs
was used for pressure control. A time step of 2 fs was used during
the entire length of the simulation. VMD [84] was used for data
analysis, visualization and to generate pictures in both the main
text and Supporting material.
The twist of the ﬁbrils was calculated by considering only the
central 20 chains, i.e. bottom chains 1–5, 16–20 and top chains
21–25 and 36–40 were ignored to eliminate any end-effects. As
shown in Fig. 1c, the dot product of the vectors formed by joining
CA18 and CA24 of chains 6 and 15 gives the magnitude of the twist
angle for the bottom 10 central chains while the cross product of
the vectors deﬁnes the direction of the twist. The twist angle was
scaled down by a factor of 9 to obtain twist per chain. The same
quantity was measured from chains 26 and 35 of the top ﬁbril
monomer and the average value of the top and bottom twist angle
was reported.
3. Results
3.1. Twisting of ﬁbers
Fig. 2 shows the mean values of twist as a function of the stag-
gers. During the course of 10 ns simulations, the twist in each of
the staggers develops from an initial value of 0 to the respective ﬁ-
nal value. Mean value from the last nanosecond of the 10 ns in each
run is reported. The structure of the central 20 chains at the end of
10 ns in each of the 7  10 runs is shown in Fig. S2. It is clear from
Fig. 2 that negative staggers lead to the experimentally observed
left-handed helical turn while the positive staggers generate
neutral or the unnatural right-handed helix. The extent of twist
Fig. 3. Ramachandran plot of residue 30 of the 20 central chains at the beginning (20 closed black circles) and at the end of each of the 10 runs (20 chains  10 runs, closed
gray circles). Blue contours in the background show favored regions in the Ramachandran plot of non-proline and non-glycine residues. In positive staggers, the residue’s
backbone settles primarily in the b sheet region while in zero and negative staggers, the residue settles primarily in the a helical region of the plot.
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tive staggers.
Stagger 0 does not develop a signiﬁcant twist in any of the 10
runs. To investigate the effect of simulation length, we extended
two of the runs from 10 ns to 90 ns. The red dots in Fig. 2 corre-
spond to the extended simulations (averaged over the last 10 ns
of 90 ns). Figs. S3–9 in Supporting materials contains the time evo-
lution of the twist of the extended runs in all staggers. The ﬁbril
exhibits torsional ﬂuctuations around the ﬁber axis with a mean
twist of 0.
Staggers +1 and 1 show slight preference for right and left
handed turns, respectively, whereas a few runs of both staggers de-
velop little/no twist after 10 ns. But when 2 of the 10 runs were ex-
tended to 90 ns, the twist in both staggers reverts to 0 and the
ﬁbrils oscillate around the z axis.
During the 10 ns simulations, staggers +2 and 2, diverge sig-
niﬁcantly. All runs of stagger +2 develop right handed twist of rel-
atively smaller magnitude compared to stagger 2 which develops
left handed turns of 4 per chain. When 2 of the 10 runs in either
stagger are extended to 90 ns, stagger +2 reverts back to the start-
ing twist of 0 or a slight positive twist while stagger 2 stabilizes
at 8.44 ± 0.28 or 5.7 ± 0.4 respectively (see Fig. S8).
During the 10 ns simulations, staggers +3 and 3 diverge fur-
ther with stagger +3 developing a right handed twist of 2 per
chain while stagger 3 develops a left handed twist of 5 per
chain. When extended to 90 ns, one of the two runs with stagger
+3 shows a slight positive twist while the other shows a slight neg-
ative twist. After 90 ns, neither runs with stagger 3 stabilize. Dur-
ing the last 10 ns, one run has a twist of 4.52 ± 0.38 while the
other has a twist of 9.6 ± 0.4.
Taken together, only staggers 2 and 3 show a twist of signif-
icant magnitude and they are both left-handed. By the end of 90 ns,
stagger 2 reaches a stable state while stagger 3 does not. In
stagger 3 the loop is stretched – possibly rendering the structure
unstable. Thus stagger 2 emerges as a possible candidate for the
physiologically relevant structure.
The inter chain distance in all the simulations increases from an
initial value of 4.8 Åto 4.9 ± 0.3 Å. The values remain in this rangein all the simulations (both 10 ns and 90 ns). Further, the develop-
ment of twist seems to be a property of the U-shaped ﬁbril since
studies (not shown) of only 20 chains along the z-axis – without
the beneﬁt of M35top–M35bottom hydrophobic patch – also show
comparable twist.
Since only negative staggers generate left-handed helices and
the magnitude of twist also correlates well with the stagger, it is
possible that negative staggers are the biologically relevant confor-
mations. Another amyloid-like ﬁbril forming peptide, the 37 amino
acid long amylin peptide, has recently been found to also develop
left-handed twist [85]. Further, the amyloid ﬁbers formed by the
N-terminal sequence of serum amyloid A (SAA-12) are always
right-handed [71]. These ﬁndings support the argument that the
twisting properties of aggregates are encoded in the sequence of
the aggregating peptide. It has long been known that b sheets
formed by a contiguous protein chain mostly have a right-handed
twist [86]. It has also been proposed that steric hindrance between
the side chain Cb and backbone carbonyl oxygen explains the right-
handed twist in antiparallel b sheets [87]. However, in the case of
amyloid-type aggregation, the b sheets are formed between differ-
ent chains. We calculated the difference between the pair interac-
tion energy of Cb–Obackbone at the start and end of a 10 ns run of
each stagger and the averaged values are shown in Fig. S10. Pair
energy decreases in all staggers – twisted or untwisted. Stagger
3 shows the maximum decrease in energy followed closely by
2 and 0. The analysis suggests that in amyloid b sheets, both right
and left handed twists can help relieve the Cb–Obackbone steric clash.
However, the approximate nature of energy analysis used here to-
gether with the observation that there is little difference between
the stagger 2 and 0 suggests that a more detailed analysis would
be required to pinpoint the molecular mechanism underlying the
observed relationship.
3.2. Role of Salt-bridges
In the current study, the magnitude of the stagger is limited by
the length of the loop. Large staggers lead to a stretched loop in the
hairpin structure. K28 is part of the loop and forms a salt bridge
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and stability. Depending on the sign and magnitude of stagger that
dictates the length of the loop, D23 of chain i can form salt bridges
with K28 of chain i, i ± 1, i ± 2 or i ± 3. To study the interplay be-
tween stagger and salt bridges, salt bridges involving residues
D23 and K28 were investigated. A salt bridge was considered to ex-
ist if a D23 residue was within a distance of 3.2 Åfrom a K28 resi-
due. In stagger 0, D23i can form a salt bridge with K28i, K28i+1 or
K28i1, sometimes with all three (subscripts indicate chain num-
bers). Table 2 has details of all staggers. Fig. S11–14 in the support-
ing material contain results of one (of ten) run from each stagger. It
is both interesting and intuitive to see different salt bridge pairs at
different staggers.
3.3. Ramachandran plots of the peptide backbone
When the structure of one stagger is compared to that of an-
other, notable differences are observed in the backbone dihedral
angles in the residue range 25–30 only (GSNKGA). Ramachandran
plot of residue 30 shown in Fig. 3 reveals that the backbone dihe-
dral angles of the 20 chains at the beginning (20 ﬁlled black circles)
of the simulation gravitate from unfavorable regions to more favor-
able regions. Contour plots in the background show favored (dark
blue) and generously allowed (light blue) regions in the Ramachan-
dran plot [88]. A clear distinction between positive and negative
staggers emerges from this plot. Residue 30 in the positive staggers
settles primarily in the b sheet region of Ramachandran plot while
the same residue in negative staggers settles in a helical region of
the plot. Zero stagger also settles in the a helical region of the plot.
Ramachandran plots of residues 25–29 of 20 central chains (10
each on the top and bottom) at the beginning and at the end of
the 10 ns runs are shown in the supporting material (Figs. S15–
20). Residues 25 and 29 are both glycines and the lack of a side
chain imparts higher ﬂexibility and allows them to explore larger
area in the Ramachandran plot compared to other residues
[88,89]. K28 in staggers 0, ±1, and ±2 all occupy allowed regions
in the Ramachandran plot while staggers ±3 explore disallowed/
generously-allowed regions in / > 90. Deﬁnite conclusions cannot
be drawn from residues 27 and 29 since they ﬂank residue K28 that
forms a salt bridge with D23. The formation of this salt bridge indi-
rectly affects the backbone torsions of residues 27 and 29. Collec-
tively the plots reveal that staggers of large magnitude can lead
the backbone torsions of the loop residues to explore greater con-
formational space and even venture into disallowed regions at
some point during the simulations, although this is not generally
true of stagger 2. This together with the direction and magnitude
of ﬁbril twist in the extended simulations strongly supports stag-
ger 2 as a candidate for the physiologically relevant b hairpin
structure. The salt bridge pairs along with backbone dihedrals in
the loop region offer insights into the directional preference of
the staggers. Determining the exact residue(s) responsible for the
twisting behavior will require careful single-site or mutiple-site
mutagenesis experiments. These efforts are beyond the scope of
the current work.4. Conclusions
The helical amyloid b-sheets are always left handed but there
exists no consensus on the exact stagger of the sheets. We demon-
strated in this study that twist of the ﬁbrils is strongly affected by
the initial stagger. Our study suggests that negative staggers (spe-
ciﬁcally stagger 2) could be the physiologically relevant structure
that leads to the experimentally observed left-handed helix. This
underscores the importance of conducting further experimental
studies to determine the exact stagger–twist relationship of theﬁbrils. But given the inherent polymorphism observed in amyloid
secondary structures, it is entirely possible that a variety of stag-
gers and a range of values of helical twist occur in nature. This
possibility complicates the task of development of drugs that need
to be designed for a variety of Ab structures. The current work also
shows how atomistic simulations can build on experimental efforts
to help clarify the details of macromolecular structure.
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